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Abstract
Patterning of the ventral head has been attributed to various cell populations, including endoderm, mesoderm, and neural crest. Here, we
provide evidence that head and heart development may be influenced by a ventral midline endodermal cell population. We show that the
ventral midline endoderm of the foregut is generated directly from the extreme rostral portion of Hensen’s node, the avian equivalent of the
Spemann organizer. The endodermal cells extend caudally in the ventral midline from the prechordal plate during development of the
foregut pocket. Thus, the prechordal plate appears as a mesendodermal pivot between the notochord and the ventral foregut midline. The
elongating ventral midline endoderm delimits the right and left sides of the ventral foregut endoderm. Cells derived from the midline
endoderm are incorporated into the endocardium and myocardium during closure of the foregut pocket and fusion of the bilateral heart
primordia. Bilateral ablation of the endoderm flanking the midline at the level of the anterior intestinal portal leads to randomization of heart
looping, suggesting that this endoderm is partitioned into right and left domains by the midline endoderm, thus performing a function similar
to that of the notochord in maintaining left–right asymmetry. Because of its derivation from the dorsal organizer, its extent from the forebrain
through the midline of the developing face and pharynx, and its participation in formation of a single midline heart tube, we propose that
the ventral midline endoderm is ideally situated to function as a ventral organizer of the head and heart.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The head consists of distinct dorsal (neural) and ventral
(frontonasal and pharyngeal) domains. Normal develop-
ment of the head requires inductions and segmentation of
the dorsally located neural tube, coordinated with a com-
pletely different set of inductions and segmentation of the
ventrally located frontonasal and pharyngeal domains.
The notochord functions as an axis for patterning the
dorsal structures up to the level of the midbrain/forebrain
boundary (reviewed in Yamada et al., 1991). Whereas the
mechanisms underlying induction of the forebrain are cur-
rently hotly debated (Foley et al., 2000; Withington et al.,
2001), it is generally agreed that the structure known as the
prechordal plate and/or rostral mesoderm plays a role in
patterning the more cranial prosencephalon and the associ-
ated frontonasal mass (Ang and Rossant, 1993; Barteczko
and Jacob, 1999; Couly and Le Douarin, 1985; Dale et al.,
1997; Foley et al., 1997; Muhr et al., 1997; Pera and Kessel,
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1997; Shawlot et al., 1999; Shimamura and Rubenstein,
1997). However, no ventral midline structure has been de-
scribed that might play a role similar to that of the noto-
chord for ventral development and patterning the pharynx.
With cranial flexure, the cranial neural folds are brought
ventrally, setting the stage for development of the eyes and
nose and establishing a ventral head domain. A fold (i.e., the
head fold of the body) at the cranial junction of the embry-
onic and extraembryonic endoderm initiates the ventral clo-
sure of the foregut, establishing it as a blind tube. As the
tube lengthens, it remains open caudally at the anterior
intestinal portal, a caudally moving border delineating intra-
from extraembryonic endoderm. The floor of the foregut,
made by intraembryonic endoderm, becomes the substrate
for development of the pharyngeal apparatus (i.e., the
pouches and arches). Recent studies have proposed an in-
structive role for this endoderm in establishing the pharyn-
geal pouches (Piotrowski and Nusslein-Volhard, 2000;
Wendling et al., 2000).
Before discussing our results, it is important to define a
critical term used in our study. We define prechordal plate
as the fountainhead-like epithelial structure derived from
cells in the rostral end of the elongating (Lopez-Sanchez et
al., 2001; A.L. and G.C.S., unpublished observations) and
fully elongated primitive streak (see below). As they leave
the streak, these cells enter the lower (endodermal) layer
and migrate rostrally along the midline toward area pellu-
cida/area opaca border. Because of their position within the
endodermal layer, these cells are sometimes referred to as
the prechordal plate endoderm. These cells label with a
variety of antisense riboprobes (none of which is completely
germ-layer specific), including Cereberus, Crescent, Dick-
kopfl, Goosecoid, Hex, Hnf-3, and Lim-1 (Chapman et al.,
2002).
Using fluorescent markers injected at the rostral border
of Hensen’s node at the fully elongated primitive streak
stage (i.e., stage 4 or the definitive primitive streak stage;
Hamburger and Hamilton, 1951), or at a later time into the
prechordal plate, we documented the formation of a midline
stripe of labeled cells in the ventral floor of the foregut. As
the foregut elongates craniocaudally, cells in this stripe
extend caudally the length of the ventral foregut, dividing
the ventral foregut endoderm into distinct left and right
domains. By tracing these ventral cells in quail-to-chick
chimeras, we show that their derivatives, which are gener-
ated by epithelial–mesenchymal transformation, have the
potential to differentiate into endothelium, endocardium,
and myocardium. Furthermore, bilateral ablation of the
endodermal cells flanking the midline at the level of the
anterior intestinal portal results in randomization of heart
looping, suggesting that this endoderm is kept in separated
right and left domains by the midline endoderm. The char-
acteristics of these newly identified cells suggest that they
constitute a ventral midline axis of the foregut and raise the
possibility (to be tested in future studies) that they function
as a ventral midline organizer.
Materials and methods
Embryo culture
Fertilized chicken or Japanese quail eggs were incubated at
38°C and 90% relative humidity until they reached stages 2–8
of Hamburger and Hamilton (1951), with substaging of stage
3 embryos as described by Schoenwolf et al. (1992). Culture
dishes were prepared as described by Darnell and Schoenwolf
(2000) for modified New (1955) culture, and embryos were
cultured by using the embryonic culture method (i.e., EC
culture) described by Chapman et al. (2001).
Injections
Embryos were injected with a mixture of 5-carboxytet-
ramethylrhodamine, succinimidyl ester (CRSE; Molecular
Probes, Inc., Eugene, OR) and 1,1-dioctadecyl-3,3,3-tet-
ramethylindocarbocyanine perchlorate (DiI; Molecular
Probes, Inc.), or 3,3-dioctadecylaxacarbocyanine perchlor-
ate (DiO; Molecular Probes, Inc.) alone, as described pre-
viously (Darnell et al., 2000). The mixture of DiI and CRSE
is used to intensify the fluorescent signal in living embryos,
which can be followed for about 48 h. After the embryos are
fixed, rhodamine immunohistochemistry is done so that the
embryos can be sectioned for more accurate three-dimen-
sional resolution of the location of the marked cells. Hun-
dreds of embryos have been treated in this way for this and
other studies (Darnell et al., 2000). We have found that the
pattern of fluorescence in living embryos is mimicked ex-
actly by that of the rhodamine immunostaining. The dye
solution was injected by using a Picospritzer II (General
Valve Corp., Fairfield, NJ) and a micromanipulator. All of
the injections were done in New culture with the ventral
surface of the embryo up. Thus, the injections were done in
the ventral surface. Images of labeled embryos were taken
immediately after injection, and subsequently at regular
intervals, by using an inverted microscope equipped with a
digital image capture system.
Chimeras
Cultured chick and quail embryos at appropriate stages
were used as host and donor embryos. The most rostral
primitive streak, at stages 2, 3a/b, or 3c, or rostral Hensen’s
node at stages 3d or 4, was excised from donor quail or
chick embryos and placed in physiological saline. The same
region was removed from host chick or quail embryos and
grafted into the extirpated site. The chimeric embryos (con-
sisting of quail donor tissue grafted into chick hosts or vice
versa) were reincubated for 24–48 h. They were dissected
from the vitelline membranes and immersion fixed for 30
min in 4% paraformaldehyde in phosphate-buffered saline
(PBS). The embryos were processed for paraffin histology,
and sections were cut at 10 m and mounted on slides for
immunohistochemistry.
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Immunohistochemistry
Embryos injected with DiI/CSRE were processed for
immunohistochemistry by using anti-rhodamine (rabbit IgG
polyclonal, primary; Molecular Probes, Inc.) and horserad-
ish peroxidase-conjugated goat anti-rabbit IgG (secondary
antibody; Boehringer Mannheim Corp., Indianapolis, IN) as
described previously (Darnell et al., 2000). The embryos
were examined and photographed as whole mounts and then
processed for paraffin histology as described previously
(Waldo et al., 1996).
Sections of quail-chick chimeras were processed for im-
munohistochemistry by using QCPN, a pan-quail cell anti-
body (Waldo et al., 1998). Selected slides were triple
stained by using MF-20, a myosin heavy chain antibody,
and QH-1, a quail endothelial cell marker. MF-20 (red) and
QH-1 (green) were visualized with Alexa 568 goat anti-
mouse IgG conjugate (Molecular Probes, Inc.). The MF-20
and QH-1 were obtained from the Developmental Studies
Hybridoma Bank, developed under the auspices of the
NICHD and maintained by The University of Iowa, Depart-
ment of Biological Sciences (Iowa City, IA 52242). The
mouse ABC Elite kit (Vector Laboratories, Inc., Burlin-
game, CA) was used for the secondary reaction with DAB
visualization. Details of the protocol have been described
previously (Waldo et al., 1996, 1998).
In situ hybridization with immunohistochemistry
A cloned fragment of chicken Hex was generously pro-
vided by Parker Antin (University of Arizona) and treated
as described previously to generate a riboprobe for in situ
hybridization (Yatskievych et al., 1999). Also, an antisense
riboprobe for smooth muscle actin was kindly provided by
Jean-Francois Colas (University of Utah). The in situ hy-
bridization protocol followed Wilkinson (1992). Whole-
mount embryos were visualized and photographed after
clearing in graded glycerols. The embryos were dehydrated
and embedded in paraffin, sectioned transversely at 12 m,
and mounted. For quail-chick chimeric embryos, the sec-
tions were then processed for QCPN immunohistochemistry
as described above.
Ablation
The endoderm at the lateral sides of the anterior intesti-
nal portal was ablated in cultured chick embryos at stage 7
by using a pulsed nitrogen/dye laser (VSL-377/DLM-110;
Laser Science Inc., Newton, MA). To ensure that the
endodermal cells were killed by the laser irradiation, the
embryos were incubated with TO-PRO-1 iodide (Molecular
Probes) at the time of the ablation and checked at hourly
intervals to ensure that the damage was limited to the
endoderm at the anterior intestinal portal (Serbedzija et al.,
1996). At 3 h after the surgery, the embryos were fixed,
processed for in situ hybridization using a smooth muscle
alpha actin antisense riboprobe, and processed for paraffin
histology. The embryos were sectioned transversely.
Results
Injection of Dil/CRSE into the rostral node at stage 4
resulted in labeling of the notochord and prechordal plate (n
 4; Fig. 1), as well as the more caudal midline tissues as
described previously (namely, notochord, floor plate of the
neural tube, and associated mid-dorsal endoderm of the
foregut; Garcia-Martinez et al., 1993; Schoenwolf and Al-
varez, 1989; Schoenwolf et al., 1992). As the embryos
turned at stage 13 (Fig. 1E), a continuous line of labeled
cells could be seen dorsally in the notochord/floor plate/
endoderm, cranially in the prechordal plate at the cranial
limit of the foregut, and ventrally as a midline stripe that
extended from the prechordal plate cranially to the anterior
intestinal portal caudally. This pattern was even more dis-
tinct at stage 14 (Fig. 1F).
At stage 5, the prechordal plate has migrated to its most
cranial position. Injection of label into the prechordal plate
at this stage (n 6; Fig. 2A) resulted in labeling of cells that
were confined to the ventral midline, with no labeling in the
dorsal axis (i.e., the floor plate of the neural tube, notochord
and dorsal midline endoderm of the foregut) as was seen
after injections of the rostral node. The single ventral mid-
line stripe of labeled cells could be seen clearly after whole-
mount rhodamine immunohistochemistry (Fig. 2B). At the
anterior intestinal portal, a thin line of labeled cells followed
the lateral edges of the endoderm bilaterally. In addition,
labeled cells could be distinguished in the endocardium of
the looping heart tube. In transverse sections, the prechordal
plate and midline portion of the rostral foregut endoderm
were rhodamine-positive (Fig. 2C and D). The ventral mid-
line endoderm was labeled from the rostral tip of the foregut
and neighboring oropharyngeal membrane to the anterior
intestinal portal (Fig. 2D, E, and G). A thin line of labeled
cells could be seen extending ventrally from the ventral
midline endoderm into the midline splanchnic mesoderm
(Fig. 2E and F, arrow). At the level of the primary heart
tube, labeled cells could be clearly seen in the midline
endocardium and dorsal mesocardium (Fig. 2F).
To determine whether the ventral foregut endoderm
forms by “zipping up” of the lateral endoderm at the ante-
rior intestinal portal or growth craniocaudally as a sheet,
owing to elongation, we first injected Dil/CRSE into the
midline endoderm of the newly formed anterior intestinal
portal at the level of the oropharyngeal membrane (n  8).
Over the next 12 h, the marked cells grew into a craniocau-
dal midline stripe (Fig. 3A and B). To track the direction of
growth of the lateral plates of endoderm, we next injected
two markers of different colors, Dil/CRSE and DiO, with
each marker injected into lateral endoderm of the newly
formed anterior intestinal portal on opposite sides (n  9).
Over the next 12 h, the label appeared in trails of cells
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forming craniocaudal stripes on either side of the midline
(Fig. 3C and D). Collectively, these results suggest that the
left and right sides of the endoderm are separated by the
ventral midline endodermal cells derived from the pre-
chordal plate and that the ventral foregut endoderm grows
by elongation, rather than a “zipping up” of the flanking
endoderm.
Because these marking experiments indicated that the
lateral cells remained strictly segregated by the ventral mid-
line endoderm, we asked whether the lateral cells carry left–
right axial information. The lateral edges of the newly
formed anterior intestinal portal were ablated by laser at
stage 7. To ensure that cells in the endoderm at the anterior
intestinal portal were destroyed by the ablation, and that
deeper cells were left intact, a group of embryos was incu-
bated just after the ablation with TO-PRO1, a marker of cell
death, and then processed for in situ hybridization with an
early heart marker, smooth muscle alpha actin (Colas et al.,
2000). When the embryos were examined 3 h after the
ablation, the TO-PRO1 had been incorporated into the dy-
ing cells in the laser-ablated embryo, while the sham-oper-
ated embryo showed no evidence of cell death at the ante-
rior intestinal portal (Fig. 4A and B). Transverse
histological sections of these embryos showed that the dam-
age was restricted to the endoderm at the leading edge of the
anterior intestinal portal and that cardiac mesoderm (labeled
with smooth muscle alpha actin was still intact) (Fig. 4C;
note: TO-PRO1 labeled cells are washed away in histolog-
Fig. 1. Sequential images of a cultured embryo injected with DiI/CRSE in the rostral node at stage 4. Cranial is to the right in all panels and the time after
injection is marked on each panel. The initial injection of the node can be seen in (A). The prechordal plate can be seen at the cranial end of the head process
in (B) and (C) (arrowhead). The first sign of labeling ventrally can be seen at about 35 h after the injection (E; arrows), when the embryo begins turning to
the right. The embryo had completely turned by 41 h after the injection (F), at which time the ventral stripe is quite distinct in the foregut (arrows), just dorsal
to the heart.
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Fig. 2. Stage 5 embryo injected with DiI/CRSE into the region of the prechordal plate (A). (B) The same embryo at stage 12 after whole-mount
immunohistochemical staining for rhodamine. The ventral midline stripe of labeled cells can be seen and is continuous with a ventral seam of cells in the
now looping primary heart tube (arrowheads). The remaining panels show sequential sections of the same embryo. The black rhodamine can be seen cranially
in the prechordal plate (C), then in the endodermal component of the oropharyngeal membrane (D), and finally in the ventral midline endoderm of the entire
length of the foregut (E–H). The label seems to have left a seam where midline closure of the endoderm and splanchnic mesoderm occurred (E and F, arrow).
Labeled endocardial cells can be seen in the midline of the primary heart tube (F) and in the endoderm at the anterior intestinal portal (G and H).
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ical processing; also, the embryo shown was ablated bilat-
erally but the transverse section was cut slightly obliquely
so that only one ablated side is shown). The direction of
heart looping was determined 24 h after the surgical proce-
dure in laser-ablated and sham-operated embryos (Table 1).
Of 32 embryos that served as sham-operated controls, 25
had hearts that looped to the right (78%) and 7 had hearts
that looped to the left (22%). Of the 32 laser-ablated em-
bryos, 10 had hearts that looped to the right (31%), whereas
16 had hearts that looped to the left (50%). Six embryos had
midline hearts that did not loop to either side (19%). Heart
looping and embryo (head) turning have been proposed to
be linked (Waddington, 1937). In support of this, the head
turned to the right when the heart looped to the right, and the
head turned to the left in every case where the heart looped
to the left. In the absence of heart looping, the embryo did
not turn.
Hex is a marker of endoderm and is expressed by the
prechordal plate, which is considered to be mesendoderm
(Yatskievych et al., 1999). To determine whether the ventral
midline endoderm derived from the prechordal plate is an
endodermal cell lineage, which continues to express Hex as
it is incorporated into the ventral midline endoderm, quail-
to-chick chimeras were generated by using stage 3a/b-3c
embryos. Chick cells of the rostral streak were replaced with
quail cells. These cells form the cranial intraembryonic
endoderm, without contributing to the mesodermal struc-
tures generated during gastrulation. Over the next few hours
in culture, quail cells incorporated into the prechordal plate
(data not shown) and ventral midline endoderm (Fig. 5A–
D). Hex expression in these chimeras occurred in the pre-
chordal plate, as reported previously (Yatskievych et al.,
1999). The same pattern was seen in unmanipulated quail
embryos (data not shown). It was also expressed in cells of
the ventral midline endoderm, but expression extended far-
ther laterally in the ventral endoderm than the prechordal
plate-derived ventral midline endoderm, as demarcated by
the positions of quail cells in the chimeras. In fact, exami-
nation of control chick embryos showed that hex was
broadly expressed across the width of the anterior intestinal
portal in both the ventral endoderm and underlying endo-
cardium (Fig. 5E and F).
In dye-injection experiments, labeled cells seemed to be
moving from the ventral midline endoderm into the splanch-
nic mesoderm, endocardium, dorsal myocardium, and myo-
cardium. To further examine this possibility, we used a
more permanent cell-lineage marking technique: quail-to-
chick (n  20) and chick-to-quail (n  8) chimeras.
Chimeras were constructed at several stages to identify
the optimum stages for grafting. Embryos at stages 2–3c
were found to be the best for incorporation of the grafted
cells into the ventral midline endoderm. However, when the
transplants were performed during streak stages, more cells
incorporated into the ventral lateral endoderm rather than
being restricted to the ventral midline endoderm. Prior to
formation of the node, the cells that will become the rostral
embryonic endoderm are located in the cranial portion of
the primitive streak (Garcia-Martinez et al., 1993; Lopez-
Sanchez et al., 2001). In both quail-to-chick or chick-to-
quail chimeras, donor cells were found in the prechordal
plate (Fig. 6A and J), in the ventral midline endoderm of the
ventral foregut (Fig. 6B–K), and at the anterior intestinal
portal in a position corresponding to the labeled cells that
diverged laterally at the anterior intestinal portal in injected
embryos (data not shown). In chimeras, grafted cells con-
tributed to principally the endocardium but a few cells were
also contributed to the myocardium of the primary heart
tube (Fig. 6D and F).
When chimeras were constructed at later stages (i.e.,
with the prechordal plate grafted from quail-to-chick at
stage 5), the donor tissue did not incorporate neatly in the
ventral midline endoderm (Fig. 7A). Despite this, the pri-
mary heart tube formed by fusion of the two lateral cardiac
primordia and closure of the body wall seemed to occur
normally; thus, ventral midline cells functioned normally in
foregut closure (see below). Cells left the quail graft
throughout the ventral midline endoderm and seemed to be
incorporating into the heart. Triple-stained sections (Fig. 7B
Fig. 3. Initial and final images of stage 8 embryos after injection of the midline (A, B) or bilaterally (C, D) at the anterior intestinal portal with DiI or DiI/DiO,
respectively. (A) Just after injection of the midline. (B) Twelve hours postinjection of the midline. Injection of the midline results in a midline stripe of labeled
cells (arrows). (C) Just after bilateral injection of DiI on the left and DiO on the right border of the anterior intestinal portal. (D) 12 h postinjection. Injection
of the sides of the anterior intestinal portal results in two trails of label that remain separated by the midline.
Fig. 4. Ventral view of stage 8 chick embryos showing dead cells with TO-PRO1, which is a green fluorescent marker that is incorporated into dead cells,
followed by in situ hybridization with an antisense riboprobe for smooth muscle alpha actin to visualize the primary heart fields. (A) In a sham-operated
embryo, no TO-PRO1 was incorporated. (B) In an embryo that had undergone laser ablation of the lateral endoderm at the anterior intestinal portal, fluorescent
dead cells are prominent in the endoderm (arrows) while the cardiogenic mesoderm does not appear to be affected (arrowheads). (C) Transverse section of
the embryo in (B) in which the endoderm at the anterior intestinal portal was ablated. The TO-PRO1 cells were washed away in histological processing,
leaving a gap in the endoderm where cells were killed by laser (arrow). The underlying cardiogenic mesoderm (arrowhead) is not affected by the laser
ablation. Although the endoderm was ablated bilaterally, the section is cut obliquely and the ablation is shown on one side only.
Table 1
Bilateral ablation of the lateral leading right and left edges of the
endoderm at the anterior intestinal portal causes randomization
of heart looping
Heart looping Head turning
n Right Left Center Right Left Center
Sham-operated 32 25 7 0 25 7 0
Bilateral ablation 32 10 16 6 10 16 6
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and C) showed that the bulk of the quail cells expressed
myosin heavy chain, as assessed by positive MF-20 reac-
tivity. These cells had not incorporated into the primary
myocardial tube, and thus their expression of myocardial
markers indicates their potential for myocardial differenti-
ation and does not prove that a significant number of myo-
cardial cells are incorporated into the primary heart tube
from the ventral midline endoderm. In addition, many quail
cells had left the graft and incorporated into the chick
endocardium where they expressed the endothelial marker
QH1, which is unique to quail cells. In the heart tube caudal
to the graft, quail endothelial cells were numerous in the
endocardium, and several were found scattered in the ven-
tral myocardium of the primary heart tube (data not shown).
All of the quail-to-chick chimeras showed quail endo-
thelial cells in the head, and especially in arch artery 1. In
one embryo in which quail cells were grafted into the rostral
node in a stage 4 chick embryo, quail prechordal plate cells
were completely encircled by cells of the chick prechordal
plate (Fig. 7D). Even so, numerous quail endothelial cells
contributed bilaterally to the endothelium of arch arteries 1.
Quail endothelial precursors could be seen also near the
forebrain. These results suggest that the prechordal plate
and ventral midline endoderm produce endothelial cells that
are incorporated into the developing head vessels, as well as
the aortic arch arteries. Moreover, the ventral midline
endoderm is capable of generating endocardial and myocar-
dial cells that are incorporated into the primary heart tube
during ventral midline fusion of the bilateral heart primordia.
Discussion
The ventral midline axis
This study shows that the ventral midline endoderm of
the foregut arises from Hensen’s node via the prechordal
plate, and that it generates endocardial cells and has the
potential to generate myocardial cells during midline fusion
of the bilateral heart primordia. In addition, the results
provide the first suggestion that the ventral midline
endoderm cells may play a role in right/left morphogenesis
of the heart and head.
The ventral midline endodermal cells constitute a ventral
continuation of the dorsal midline axis, which consists of
the notochord (plus underlying mid-dorsal endoderm and
overlying floor plate of the neural tube) and the prechordal
plate. The prechordal plate thus acts as a pivot, uniting the
dorsal midline axis with the ventral midline endoderm. At
any point in its development, the midline endoderm extends
from the prechordal plate cranially to the anterior intestinal
portal caudally. This continuous line of cells has many of
the qualities of a ventral organizer or axis.
In the chick, the prechordal plate consists of the rostral
axial endoderm, which can be distinguished from the pre-
chordal mesoderm as a discrete tissue layer (Seifert et al.,
1992, 1993). Seifert et al. (1992) showed that the prechordal
plate in the chick generates cranial mesoderm via a node-
like structure. In the mouse, the distinction between pre-
chordal plate and prechordal mesoderm is much less clear
(Lawson et al., 1986; Tam and Beddington, 1992), and the
prechordal plate is assumed to be the mesendodermal mass
in the roof of the craniomost foregut (Shimamura and
Rubenstein, 1997; Sulik et al., 1994). Whereas it has been
known for some time that the prechordal plate in chick gives
rise to prechordal mesoderm (Seifert et al., 1992), a ventral
midline endodermal derivative has not been described pre-
viously, nor have contributions of the prechordal plate to the
primary heart tube.
The prechordal plate plays a very important role in head
development in general, and in the chick induces forebrain
development (Withington et al., 2001). One of its functions
is the production and release of soluble factors, like Frzb-1,
an anti-Wnt factor, and noggin, chordin, and follistatin,
anti-BMP factors. Inhibition of Wnt and BMP families,
which are required for trunk–tail patterning, is necessary to
initiate head development; thus, normal function of the
prechordal plate is critical for head development (Fainsod et
al., 1997; Glinka et al., 1997; Leyns et al., 1997; Piccolo et
al., 1996; Wang et al., 1997; Zimmerman et al., 1996).
Both chick crescent and Hex are expressed by the
endodermal cells that form the ventral midline axis (With-
ington et al., 2001; Yatskievych et al., 1999; present data).
Crescent encodes a secreted frizbee-like protein that was
first identified in chick, and then in amphibian embryos in a
screen for secreted proteins that antagonize Wnts (Pera and
De Robertis, 2000; Pfeffer et al., 1997). It is expressed in
the chick hypoblast prior to and during gastrulation. At the
beginning of gastrulation, Crescent is first seen in the orga-
nizer (i.e., Hensen’s node in chick and dorsal blastopore lip
in Xenopus), then in the prechordal plate, and finally in the
rostromost endodermal cells that give rise to foregut (i.e., at
the intra-/extraembryonic border; Pera and De Robertis,
2000; Pfeffer et al., 1997; Shibata et al., 2000; Withington
et al., 2001). By the late neurula stage, expression is evident
in the rostral foregut endoderm beneath the head fold, and in
the prechordal plate underlying the prospective forebrain
and eyes. Overexpression of Crescent leads to head midline
defects, which include complete absence or fusion of the
nasal placodes above a single eye. The mouth is missing and
the cement gland, the most rostral head structure in frog
embryos, is reduced or absent (Pera and De Robertis, 2000).
Because Crescent is expressed in the ventral midline
endoderm (Withington et al., 2001), it is possible that it is
needed for normal functioning of these cells in establishing
the bilateral symmetry of the face by serving as a cranio-
caudal axis in a manner similar to that of the notochord
dorsally. Further studies will be needed to determine
whether altered expression of Crescent confined to the ven-
tral axial cells leads to defective midline development.
Chick Hex (Prh), a homeodomain-containing gene, was
originally cloned from hematopoietic cells (Crompton et al.,
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1992). In mouse, Hex expression in the definitive endoderm
is required for forebrain patterning (Martinez-Barbera et al.,
2000). Prior to formation of the foregut pocket in the chick
at stage 6, Hex expression is localized to the prechordal
plate and the cranial endoderm at the border of the intraem-
bryonic and extraembryonic endoderm, and it extends bi-
laterally and caudally from the head process to the level of
Hensen’s node (Withington et al., 2001; Yatskievych et al.,
1999). The present study and those of Yatskievych et al.
(1999) and Withington et al. (2001) show that the cells of
the ventral midline endoderm are positive for Hex expres-
sion, especially near the anterior intestinal portal, which is
the boundary between the intra- and extraembryonic
endoderm. Removal of the Hex-expressing cells underlying
the prechordal mesoderm and anterior neural ridge at stage
7 results in reduction of rostral neural patterning (Withing-
ton et al., 2001). Hex-expressing endoderm gives rise to the
liver, thymus, thyroid, dorsal pancreatic bud, and gall blad-
Fig. 5. (A–D) Hex expression in craniocaudal sequence of sections from a stage 9 quail-chick chimera. The chimera was made by replacing the most rostral
portion of the primitive streak in a stage 3 chick embryo with quail cells from the same location. The quail cells have brown nuclei and Hex expression is
seen in blue. (A, B) Quail cells can be seen in the endoderm of the oropharyngeal membrane, which is slightly positive for Hex. (C, D) At the midpoint of
the developing foregut, quail cells are seen in the midline ventral endoderm, whereas the Hex expression domain seems to be in a larger extent of the ventral
pharyngeal endoderm. Hex expression is prominent in both the extraembryonic endoderm and in the ventral pharyngeal endoderm, but in a broader extent
than that encompassing the quail cells. Magnification bar in (A) is 100 m for (A) and (C) (B) and (D) are enlargements of (A) and (C), respectively.
(E, F) A control chick at stage 12 labeled with a Hex antisense riboprobe shows that Hex marks the full width of the anterior intestinal portal, including the
ventral foregut endoderm and underlying endocardial tubes.
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der (Bogue et al., 2000). Hex seems to be regulated by
Gata-4 and HNF3, both of which are expressed in the
definitive endoderm (Denson et al., 2000). Disruption of
Hex expression in mouse embryos results in varying degrees
of head malformations and includes defective development
of the forebrain, thyroid, and liver (Martinez-Barbera et al.,
2000).
Contributions of the ventral midline endoderm to the
heart and its potential role in right/left patterning
Our results show that the ventral midline endoderm gives
rise to both the cells that line the tubular heart (i.e., endo-
cardial/endothelial cells) and have the potential to populate
the myocardium. We found in pilot studies (unpublished
observations) that cardia bifida is produced easily by dam-
age to the midline endoderm, suggesting the need for these
cells in closure of the ventral foregut and bilateral heart
primordia. Whereas the cardia bifida could result from me-
chanical damage, it is tempting to speculate that the endo-
cardial cells produced by the midline endoderm might play
an essential role in fusion of the heart primordia.
The earliest overt embryonic asymmetry to develop is
looping of the heart tube to the right. The current results
suggest that the ventral foregut endoderm may have right–
left patterning information that could instruct the direction
of turning of both the head and heart. Indeed, when the
lateral edges of the anterior intestinal portal were ablated,
the head and heart showed randomized direction of turning,
but both turned in the same direction. In looping of the heart
tube, the ventral midline comes to lie at the right border or
outer curvature, whereas the dorsal midline becomes the left
border or inner curvature (Ma¨nner, 2000), illustrating the
importance of the midline cells to heart looping.
How left–right (LR) asymmetry is generated in the or-
ganism and in individual organs or structures is still not
known. Because asymmetric expression patterns of several
genes have been identified first at Hensen’s node, the node
is believed to be the source of instructive signals that drive
expression of downstream mediators of sidedness (King et
al., 1998; Levin et al., 1995). Sonic hedgehog is expressed
on the left side of the node and drives left-sided expression
of nodal in the node and subsequently in the left lateral plate
mesoderm. Nodal in turn induces Pitx2, a transcription
factor thought to act directly in specifying left identity
during organ development (Campione et al., 1999; Logan et
al., 1998; Piedra et al., 1998; Ryan et al., 1998). Pitx2
isoforms are expressed in the left lateral endoderm of the
anterior intestinal portal (Meyers and Martin, 1999). Ec-
topic expression of Pitx2 isoforms randomizes the direction
of heart looping (Campione et al., 1999; Logan et al., 1998;
Ryan et al., 1998; Yu et al., 2001). Thus, ablation of the
lateral leading edges of the anterior intestinal portal may
remove cells that are responsive to nodal signaling from the
lateral plate mesoderm.
Our results show that endodermal cells at the anterior
intestinal portal carry right–left axis information. Because
of the manner in which it forms, the ventral midline
endoderm maintains separate left and right domains of the
ventral foregut endoderm. The midline cells are direct de-
scendents of the node via the prechordal plate. The noto-
chord is also a node derivative and maintains left and right
domains in the trunk (Lohr et al., 1997). Whereas it is
tempting to speculate that the midline ventral endodermal
cells receive their patterning information as early as gastru-
lation, the possibility cannot be ruled out by the current
experiments that the endoderm at the anterior intestinal
portal is instructed secondarily by the lateral plate meso-
derm during closure of the foregut. A final potential role of
the endoderm at the anterior intestinal portal is that it main-
tains the left–right patterning that is already determined in
the lateral plate mesoderm.
Waddington proposed that the direction of head turning
is controlled by the asymmetry of heart looping. The first
sign of body turning occurs when the right eye and ear
rotate dorsally (Waddington, 1937). Hoyle et al. (1992), in
a study of the embryonic age at the time that heart looping
direction is determined, found 21/22 embryos with body
turning correlated with heart looping. Our results are also
consistent with the idea that head turning is correlated with
heart looping. However, Levin et al. (1997) found that the
direction of heart looping and embryonic rotation can be
uncoupled when Shh is applied to the right side of the
embryo at stages 4–5 (Levin et al., 1997). The discrepancy
in results may reside in the ages at which the experimental
manipulations were performed, or alternatively, it could be
due to the fact that mechanical disruptions as performed in
the current experiments and those of Hoyle et al. (1992) do
not randomize body turning and heart looping, whereas
early disruption of the molecular cascade leading to these
events has the potential to uncouple these asymmetries
(Levin et al., 1997).
Invertebrates have a major ventral body axis that is
thought to have become the vertebrate dorsal axis. We
provide here the first report of a ventral midline cell popu-
lation in a vertebrate that has characteristics of an axis. This
population has rostrocaudal polarity and is important in
formation of the foregut pocket, which in turn is required for
formation of a single midline heart tube from bilateral heart
primordia. Interestingly, these cells, if they do represent a
ventral axis, are restricted to the region of the foregut and its
derivatives. These derivatives include midline structures,
like the thyroid gland, the tracheal bud that gives rise to the
lungs, the liver, and the pancreas. Studies in amphibian
embryos have shown that dorsoventral patterning is regu-
lated by the antagonizing function of BMPs, which are
ventralizing, and dorsalizing signals generated by Spe-
mann’s organizer (Kishimoto et al., 1997; Maeda et al.,
1997; Sasai et al., 1996; Xu et al., 1995). Interestingly,
BMP-2 is expressed by cells of the ventral midline
endoderm (Yamada et al., 1999).
Many human congenital malformation sequences in-
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volve the head and heart. Neural crest has frequently been
invoked as the primary cause of such malformation se-
quences, because its craniocaudal extent approximates that
of the field involved, and neural crest cells populate many of
the structures that are malformed. As a prime example, the
DiGeorge and Velocardiofacial syndromes have been attrib-
uted to neural crest defects (Kirby and Bockman, 1984; Van
Mierop and Kutsche, 1986), but whereas the phenotype in
Fig. 6. Chick-to-quail chimera at stage 10 (A–I) and quail-to-chick chimera (J, K). In the chick-to-quail chimeras, chick cells can be identified by their lack
of nuclear staining (arrows and arrowheads). The chimera was constructed at stage 3 by transferring cells of the most rostral primitive streak from a chick
to a quail embryo. (A), (B), (C), and (G) show low magnification views craniocaudally along the foregut pocket to illustrate the extent of the labeling. (D–F)
Enlarged views from (A–C), respectively. (A) Chick cells are present in the central portion of the prechordal plate (arrowhead). (B) Chick cells in the
endodermal portion of the oropharyngeal membrane (arrowhead). (C) Chick cells can be seen aggregated in the ventral midline endoderm and scattered in
the endocardium (arrows). A single chick cell is located in the ventral fusion line of the myocardial tube (arrowhead). (G) Chick cells aggregated in the ventral
midline endoderm (arrowhead) and scattered in the endocardium (arrow). (H and I) Chick cells are aggregated in the ventral midline endoderm (arrowhead)
and endocardium (arrows). In the quail-to-chick chimera (J, K), the quail cells are stained black with the quail antibody. Quail cells can be seen in the
prechordal plate (J) and ventral midline endoderm (K). The chimera was constructed slightly earlier than the one shown in (A–I) and some labeled cells are
seen in the ventral lateral endoderm.
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the heart can be explained on the basis of the established
role of cardiac neural crest in normal heart development, the
craniofacial anomalies found in these syndromes are diffi-
cult to explain on the basis of the known role of head neural
crest in normal development of the craniofacial region.
Moreover, the recent recognition of psychiatric disorders in
many patients with DiGeorge and Velocardiofacial syn-
dromes cannot be explained by a neural crest defect
(Karayiorgou et al., 1995). The existence of a ventral mid-
line axis derived from the prechordal plate and extending
from it to the liver/pancreatic primordia, which is necessary
for normal foregut and heart development, provides a po-
tential means for disrupting development in this entire field.
Recent evidence from our group has shown interactions of
the ventral foregut endoderm and neural crest cells in the
caudal pharynx (Farrell et al., 2001). This could mean that
neural crest cells are only secondarily involved in malfor-
mation sequences encompassing the head and heart, and that
many could be the result of defective development of the
ventral midline axis. Whereas this possibility remains spec-
ulative, it certainly merits further investigation.
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